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Abstract 
Habitat loss is the primary reason for species extinction, making habitat conservation a critical strategy for maintaining 
global biodiversity. Major habitat types, such as lowland tropical evergreen forests or mangrove forests, are already well 
represented in many conservation priorities, while others are underrepresented. This is particularly true for dry deciduous 
dipterocarp forests (DDF), a key forest type in Asia that extends from the tropical to the subtropical regions in South-east 
Asia (SE Asia), where high temperatures and pronounced seasonal precipitation patterns are predominant. DDF are a 
unique forest ecosystem type harboring a wide range of important and endemic species and need to be adequately 
represented in global biodiversity conservation strategies. One of the greatest challenges in DDF conservation is the lack of 
detailed and accurate maps of their distribution due to inaccurate open-canopy seasonal forest mapping methods. 
Conventional land cover maps therefore tend to perform inadequately with DDF. Our study accurately delineates DDF on a 
continental scale based on remote sensing approaches by integrating the strong, characteristic seasonality of DDF. We also 
determine the current conservation status of DDF throughout SE Asia. We chose SE Asia for our research because its 
remaining DDF are extensive in some areas but are currently degrading and under increasing pressure from significant 
socio-economic changes throughout the region. Phenological indices, derived from MODIS vegetation index time series, 
served as input variables for a Random Forest classifier and were used to predict the spatial distribution of DDF. The 
resulting continuous fields maps of DDF had accuracies ranging from R² = 0.56 to 0.78. We identified three hotspots in SE 
Asia with a total area of 156,000 km2, and found Myanmar to have more remaining DDF than the countries in SE Asia. Our 
approach proved to be a reliable method for mapping DDF and other seasonally influenced ecosystems on continental and 
regional scales, and is very valuable for conservation management in this region.  
 
Keywords: Tropical dry forest conservation; Remote sensing; Vegetation phenology; MODIS NDVI; Time series analysis; 
Fractional cover 
 
Received: 11 April 2014; Accepted 14 September 2014; Published: 15 December 2014 
Copyright: © Christian Wohlfart, Martin Wegmann and Peter Leimgruber. This is an open access paper. We use the Creative 
Commons Attribution 4.0 license http://creativecommons.org/licenses/by/3.0/us/. The license permits any user to 
download, print out, extract, archive, and distribute the article, so long as appropriate credit is given to the authors and 
source of the work. The license ensures that the published article will be as widely available as possible and that your article 
can be included in any scientific archive. Open Access authors retain the copyrights of their papers. Open access is a 
property of individual works, not necessarily journals or publishers. 
 
Cite this paper as: Wohlfart, C.,  Wegmann, M. and  Leimgruber, P. 2014. Mapping threatened dry deciduous dipterocarp 
forest in South-east Asia for conservation management. Tropical Conservation Science Vol.7 (4): 597-613. Available online: 
www.tropicalconservationscience.org 
 
Mongabay.com Open Access Journal - Tropical Conservation Science  Vol.7 (4):597-613, 2014 
 
 
 
Tropical Conservation Science | ISSN 1940-0829 | Tropicalconservationscience.org 
598 
 
 
Introduction 
Habitat conservation is critical for maintaining healthy ecosystems and their associated biodiversity 
[1–3]. Rapidly accelerating land cover changes caused by human expansion increase the need to 
conserve remaining pristine habitats. There has been much scientific focus on conserving tropical 
forest habitats, especially tropical moist forests, cloud forests, and mangroves [4-8]. However, little 
attention has been paid to less well-known ecosystems and habitats such as tropical dry forests [9-12]. 
These forests remain understudied, although they are the most extensive forest types within the 
tropics, are greatly endangered, and are the least protected [13-15]. In addition, the geographical 
distribution of studies of tropical dry forests is biased: South-east Asia (SE Asia) itself as a study region 
has been neglected by scientific research in comparison to other tropical regions, such as the 
Neotropics [11, 16-19]. This scientific lack is even more worrisome as the region is exposed to the 
highest relative deforestation and logging rates globally [22-23] due to rapidly expanding human 
populations and recent dramatic socio-economic changes throughout its range (Fig.1) [20-21].  
 
 
 
 
 
 
 
Fig. 1. Development of the Gross 
Domestic Product (GDP, in billion 
US $) from 1986 to 2017 
(predicted) in Cambodia, Lao 
People´s Democratic (Laos), 
Myanmar, Thailand, and Vietnam 
in US Dollar. As of 2011, the GDP 
observation is an IMF forecast 
[42].   
 
Dry forests in continental SE Asia differ considerably in structure and composition from the 
characteristics of dry forests in the Neotropics [25]. In Asia a wide range of different seasonal forest 
types occurs in mosaics, mainly determined by local elevation and moisture gradients [24-25]. The 
main dry forest types in the study region are deciduous dipterocarp forests (DDF), mixed deciduous 
forests (MDF), and dry evergreen forests (EF). DDF, a key dry forest type in SE Asia, are restricted to 
areas with a total annual rainfall of 1,000 -1,500 mm and a pronounced dry season, and thus are 
characterized by great seasonal changes in tree phenology [24-25]. In addition to their adaptation to 
strongly seasonal tropical and subtropical environments, DDF are set apart from other tropical forest 
types by their characteristic open canopy and abundant grassland, supporting high mammalian 
biomass, including important herbivores and grazers such as rhinos, elephants, gaur, banteng and Eld´s 
deer [26-28]. High abundance in grazers and browsers in turn allows for the development of a 
significant predator community including highly endangered species such as tigers [29]. In addition to 
their importance to biodiversity, DDF also provide a variety of ecosystem services: they are important 
carbon sinks, they regulate regional to local climate, and they help maintain water levels [24-25, 30-
31]. DDF are a unique and valuable forest type in need of better representation in global, regional and 
local strategies for biodiversity conservation. 
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One of the great challenges in the conservation of DDF is the lack of detailed and accurate maps of 
their geographical distribution, which are essential for the development of effective conservation 
strategies and prioritized areas for conservation. Efforts to delineate dry dipterocarp forest extent and 
distribution on regional scales have been made with various remote sensing techniques [12, 32-36], 
but accurate and reliable maps for SE Asia on continental scales are scarce. Global coarse-scale 
resolution products tend to inaccurately delineate dry forest ecosystems [37-39]. Current coarse 
resolution remote sensing applications usually perform poorly in mapping open-canopy forest 
structures, and a clear classification of these open-canopy forest types from other forests or other 
open areas is difficult [40]. The extreme seasonality causes problems in separating DDF from 
agricultural or other human-made areas in the dry season, whereas in the wet season the dense cloud 
cover makes it difficult to delineate the prevailing land cover [37, 39, 41]. Further, remaining DDF occur 
in small and fragmented patches, requiring high spatial resolution imagery. However, high spatial 
resolution data cannot deal with dense cloud cover.  
Our study delineates DDF gradients throughout Indo-Burma and provides a new and accurate 
continuous DDF map for conservation decisions at 250 m resolution. We also determined the current 
protection status of DDF and compared our outcome to existing land cover products. We developed 
and tested a way to accurately map DDF, taking advantage of the very factors that have limited 
previous mapping approaches, such as the strong seasonality, small-scale structure, and the open 
canopy structure of DDF. This fractional approach is based on phenological information to better 
separate seasonal DDF, and we provide a continuous representation of DDF cover throughout SE Asia.  
Methods 
Study Area 
This study was conducted in the continental SE Asian countries of Myanmar, Thailand, Lao P.D.R. 
(hereafter referred to Laos), Cambodia, and Vietnam to develop a reliable distribution map for DDF at 
a continental scale (Fig. 2, upper left 92.18°, 28.52°; lower right 109.44°, 5.63°). We refined our 
mapping by focusing on three geographical subregions where extensive DDF areas were expected, 
including upper Myanmar (ul: 94.30°, 22.45°; lr 96.30°, 24.13°), western Thailand (ul: 98.50°, 16.27°; 
lr: 100.40°, 17.95°), and eastern Cambodia (ul: 105.62°, 11.78°; lr 107.52°, 13.46°). The entire area is 
also known as the Indo-Burma biodiversity hotspot, a crucial part of the Indo-Malayan ecoregion that 
is a priority region for nature conservation [5, 43]. The climate is dominated by a strongly seasonal 
monsoon, which occurs between April and October, separated by an extended dry season [44]. Annual 
precipitation varies significantly within the region, with up to 5,000 mm in coastal and mountainous 
areas and 700-1,500 mm in the drier central areas, depending on the prevailing microclimate [45]. 
Annual mean temperature averages around 27° Celsius in lowlands, but ranges between 11-20° Celsius 
in mountainous mainland areas. Historically, forests make up a significant portion of the natural 
vegetation cover, where DDF used to be a common forest type throughout mainland SE Asia [46]. The 
region has been transformed and degraded by human activities for centuries [47]. Recent socio-
economic changes have led to severe increases in forest loss from agricultural conversion for crops 
and livestock, large-scale commercial plantations, and expanding urban areas [48-50].  
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Fig 2. Left figure: the study site (continental South-east Asia: Myanmar, Laos, Thailand, Cambodia, and Vietnam) and 
the three selected subregions: Upper Myanmar (Chatthin), Western Thailand (Mae Ping), and Eastern Cambodia 
(Phnom Prich). Protected areas highlighted in the study region are red. The right figure provides a physiographic 
overview of South-east Asia and the mean annual precipitation distribution (Data from [45]). 
 
 
Remote sensing data  
In this study, we used the MODIS NDVI vegetation index 16-day 250 m composite (MOD13Q1) acquired 
by the Terra satellite [51-52]. For our analysis we downloaded all MODIS data acquired from 2001 to 
2011 [53] and provided in total eight MODIS tiles (h26v06, h27v06, h28v06, h26v07, h27v07, h28v07, 
h27v08, and h28v08) covering continental SE Asia. Each scene was re-projected from the native 
Sinusoidal projection to the geographical latitude/longitude projection (WGS84 datum). 
 
Protected areas and land cover data 
To determine the degree of protection for DDF, we acquired protected area data for Myanmar, 
Thailand, Laos, Cambodia, and Vietnam supplied from the World Database on Protected Areas (WDPA) 
(http://www.unep-wcmc.org/). We used all areas within the IUCN categories I-IV and superimposed 
these polygons on our study area to determine the protection status of the remaining DDF.  
 
We selected four global land cover classification products, which are often used in conservation 
studies, in order to compare our findings with existing land cover data. These products contain no clear 
DDF class, so we had to choose classes that best represent DDF (Fig. 3): (1) classes “Tree cover 
broadleaf” and “Deciduous, mainly open” in the 1,000 m Global Land Cover 2000 Product (GLC2000) 
[54]; (2) class “Open (15-40 %) broadleaved deciduous” in the GlobCover product with a medium 
resolution of 300 m [55]; (3) classes “Deciduous broadleaf forest”, “open and closed shrubland 
savanna”, and “woody savanna” in the 500 m IGBP MODIS land cover product (MCD12Q1) [56]; and 
(4) the outcome dry forest map from the study of Miles et al. [57]. The latter product, the Global 
Distribution of Tropical Dry Forest (GDTDF) was developed specifically for DDF. All global land cover 
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data were derived from medium (300 m) to coarse (1,000 m) resolution satellite data and used discrete 
land cover classes. 
 
 
 
 
 
 
 
 
Fig 3. Overview 
of the used land 
cover products 
and their spatial 
distribution of 
potential dry 
deciduous 
dipterocarp 
forest (DDF) 
classes in existing 
land cover 
products.   
 
 
Google earth data sampling 
We used very high spatial resolution remote sensing data via Google Earth (GE, Version 6.2.2) to collect 
training data for model development as well as an independent data set for accuracy assessments. The 
availability of very high-resolution imagery (VHR, less than 1 m) allowed a clear visual interpretation of 
the prevailing land cover. GE provides images of different acquisition dates, which allow the user to 
compare images from different time periods in a given area to differentiate the land cover types.  
 
To ensure a representative distribution of sampling points, we selected 4,500 random MODIS 250m 
pixels for further analysis using VHR data. As clear interpretation of the prevailing land cover is only 
possible from high quality and high resolution data, we deleted all sample points where no VHR 
imagery was available, or where cloud cover, shadows, or steep slopes made interpretation difficult. 
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Within the selected MODIS pixels, all DDF were mapped. We separated the small-scale mosaic 
structure of DDF and other land cover types within one pixel using temporally different images. The 
first sampling yielded 3,078 locations, with a low frequency of high DDF fractions (n=456). Therefore, 
we implemented a stratified random sampling approach, specifically in areas where we expected large 
DDF areas. Three sampling areas were identified: (I) upper Myanmar (around Chatthin area), (II) 
western Thailand (Mae Ping), and (III) eastern Cambodia (Phnom Prich). This resulted in 333 additional 
high fractional DDF samples. We collected and processed 3,695 reference areas in total. The resulting 
DDF proportions within each pixel were scaled to range between 0 and 100 % of DDF. 
Data preparation 
To analyze the pronounced seasonality of DDF for differentiation from other land cover classes, we 
used phenological metrics as predictor variables. We used the software TIMESAT to process the NDVI 
time series to reduce the influence of noise found in original MODIS data [58]. We used the Savitzky-
Golay filter with a three point window over two fitting steps, an adaptation strength of 2.0 and 
amplitude cutoff of 0.0. The minimum season was set to the first of January. The following phenological 
variables were derived from 2001 to 2011 [59]: (1) start of the season (StartSeason); (2) end of the 
season (EndSeason); (3) length of the season (LengthSeason); (4) base level calculated as the average 
of the left and right minimum values (BaseLevel); (5) middle of the season (MidSeason); (6) largest data 
value during the season (PeakValue); (7) seasonal amplitude (Amplitude); (8) rate of increase at the 
beginning of the season (LeftDerivative); (9) rate of decrease at the end of the season (RightDerivative); 
(10) large seasonal integral (LargeIntegral); (11) small seasonal integral (SmallIntegral). We extracted 
the TIMESAT phenological data for the year corresponding to the acquisition date of the VHR imagery 
from 2001 to 2011 to account for the GE image samples having been acquired in different years. 
Selecting 70% for training and 30% for testing the model, we split the dataset containing the 
continuous DDF values. Presence and absence samples of DDF were split independently. This 
procedure was executed for the entire data set and for each geographic subregion. The training data 
sets served as input for the respective model. 
 
Dry deciduous dipterocarp forest classification 
Decision tree based classifiers, such as Random Forests (RF), have often been successfully applied to 
land cover studies [60-62] as well as modelling of species distribution from presence data. We used 
the Random Forest approach with the number of trees set to 500 [63]. We generated four separate 
models, one for entire SE Asia and for each geographical subregion, and conducted a variable 
importance analysis. Using the TIMESAT variables from the year 2011 computed from three 
consecutive years (2009 to 2011) and the result from the selected models, we made a spatial prediction 
of the continuous DDF data. To assess the accuracy of our DDF map, we compared the generated test 
data set to the predicted values via linear regression analysis. Additionally we used the internal RF 
accuracy assessment measure, the so called out-of-bag (OOB) accuracy [64]. We resampled the final 
DDF map to the respective resolution of each land cover product to conduct the comparative analysis. 
All analyses, maps and graphics were prepared solely with open source software using the statistical 
programming language R (Version 2.15) [65] with the packages rgdal(v0.7-22) [66], randomForest (v.6-
6) [63] and ggplot2 [67], Quantum GIS (Version 1.8.0) [68], and GRASS GIS (Version 6.4) [69]. The entire 
workflow is depicted in Fig. 4.  
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Fig. 4. Flow chart 
illustrating how we 
applied the fractional 
cover approach for 
delineating dry 
deciduous dipterocarp 
forest (DDF).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. Spatial 
distribution of dry 
deciduous dipterocarp 
forest coverage (in %) in 
South-east Asia and the 
three geographical 
subregions in upper 
Myanmar, western 
Thailand, and eastern 
Cambodia in 2011. 
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Results 
Spatial prediction of remaining DDF and protection status 
Approximately 156,000 km² of DDF, defined as pixel with a fractional DDF cover of larger than 50 %, 
remain in SE Asia in the year 2011, making up about one-sixth of the total remaining forest cover for 
the region [70]. As can be seen in Fig. 5, the highest DDF coverage is in Myanmar (79 000 km²), Thailand 
(37 000 km²) and Cambodia (23 000 km²), whereas little DDF is left in Laos and Vietnam. At the country 
level, in Myanmar DDF is still present in the northern part of the central dry zone (Sagaing and Shan 
State) as well as in small patches along the foothills of the Rakhine Yoma. In Thailand, DDF only remains 
in the northeastern part of the country at the Thanon Thong Chai Range (below 1,000 m). In Cambodia, 
the DDF hotspots extend from the Dângrêk Mountains in the northern part of the country to the 
southeastern part of the Mondulkiri Province. As we can see in Fig. 5, high DDF fractions tend to be 
fragmented and interspersed across landscape and scale.  The comparison of the protected DDF among 
the countries (Fig. 6) shows enormous discrepancies, with Thailand and Cambodia providing a high 
protection percentage (~35 %), while DDF within protected areas is minimal in Myanmar (~2 %), where 
the largest DDF areas are still present.  
 
 
 
Fig 6. The upper diagram depicts the remaining dry deciduous dipterocarp forest (DDF) areas (km²) for each country, 
the lower the protection status of DDF (in %).  
 
 
 
Modelling performance 
Using this approach, the model performances ranged between R2 = 0.55 and 0.78 for both types of 
accuracy assessments (OOB and the independent test) (Tab. 1). Three models yielded similar 
performance, with R2 of 0.55 ± 0.01. Only the model of the Eastern Cambodian region produced a 
distinctly higher accuracy with an R2 = 0.78. OOB and the independent test accuracies only differed 
slightly, with OOB providing marginally more pessimistic estimates. The mean squared error (MSE) of 
the RF model varied between 0.05 - 0.09. The error rate of the test data set was quite similar, ranging 
between 0.04 - 0.09. Amongst the TIMESAT variables, BaseLevel, Amplitude, PeakValue, and 
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SmallInegral were most important, with some variations among the four models. BaseLevel was the 
most important variable in all models, while RightDerivative, LeftDerivative, and Midseason were 
considered less important. 
 
 
Table. 1. Accuracy assessment per region for the separate Random Forest models using the RF’s 
OOB (out-of-bag) accuracy and an independent test set. 
 
Geographic region OOB  Test set 
 R2 MSE  R2 MSE 
South-east Asia 0.55 0.06  0.56 0.06 
Upper Myanmar 
(Chatthin) 
0.66 0.05  0.57 0.08 
Western Thailand (Mae 
Ping) 
0.55 0.09  0.56 0.06 
Eastern Cambodia 
(Phnom Prich) 
0.76 0.03  0.78 0.04 
      
 
 
Comparison to existing land cover maps 
It appears that the four selected land cover maps GLC 2000, GlobCover, MODIS IGBP, and GDTDF have 
pronounced discrepancies among each other in the spatial distribution and extent of DDF in 
continental SE Asia (Fig. 3). The estimated areas for DDF range between 76,627 km2 (Globcover) and 
299,874 km2 (MODIS IGBP), a more than fourfold difference. Beside the differences between the land 
cover maps themselves, these also differ from the dry forest coverage analyzed in this study. Globcover 
and GDTDF tend to underestimate DDF, whereas GLC 2000 and MODIS IGBP show a larger DDF 
distribution compared to our map (Tab. 2 and Fig. 7). Considering the spatial overlap of DDF, GLC and 
Globcover agreed best with the DDF outcome of this study with a mean value of around 60% (Tab. 2). 
The land cover product GDTDF showed the least agreement (only 27%) with this study. Also, the range 
of DDF is larger compared to the other land cover maps. 
 
 
 
Table. 2. Calculated dry forest areas for all existing land cover products and the spatial overlap 
with our dry deciduous dipterocarp forest map. 
 
Land cover product Dry forest area (km2) Spatial overlap (%) 
GLC 2000 201,370 59 
Globcover 76,627 57 
MODIS IGBP 299,874 51 
GDTDF 88,520 37 
Reference DDF map from this 
study 
156,000 100 
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Fig 7. Spatial variation among the four selected land cover maps and the dry forest map derived in 
this study. 
 
 
Discussion 
Most remote sensing work in the tropics focuses on tropical wet forest, whereas tropical dry forest 
ecosystems have been neglected in the scientific community, despite their ecological importance and 
the increasing socio-economic pressure [9-12]. The reasons why DDF specifically in Asia is understudied 
are not entirely clear. The most likely explanation is that relatively few DDF areas remain and are often 
fragmented and degraded, and many of the megafauna species that used to occur within DDF have 
been exterminated, such as the rhino, tiger, banteng, gaur, and elephants. In addition, DDF has less 
plant species diversity than wet forests, possibly making them less interesting [24].  
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To our knowledge, there is no reliable map showing the extent and distribution of DDF for SE Asia on 
larger spatial scales. In the present study, DDF is delineated as fractional cover for SE Asia at 250 m 
spatial resolution on regional and continental scales, using phenological information to separate DDF 
from other land cover types. In general, the delineation of spatially and compositionally complex 
vegetation, such as DDF with mixed and heterogeneous vegetation from medium and coarse remote 
sensing data, is difficult due to mixed pixels [79-81]. To overcome this problem, we combined high 
spatial and temporal remote sensing data. We proved an alternative way to overcome all obstacles 
(small-scale and open canopy structure; high seasonality; cloud cover in wet season) related to DDF 
mapping by combining a sub pixel analysis with continuous data instead of using discrete “hard” per 
pixel classes.  
We took advantage of DDF´s strong seasonality and computed several phenological variables based on 
a MODIS NDVI time series. Since the high temporal resolution of MODIS allows for depicting great 
seasonal variability, it also increases the chances of acquiring cloud-free imagery in the wet season. 
The calculated variables are straightforward to interpret, as this forest type is mainly determined by 
great seasonal change in phenology during the year. In this study, the key variables for delineating DDF 
were BaseLevel, Amplitude, PeakValue, and LengthSeason, which make sense from a biological 
perspective. The BaseLevel is the most important variable to identify DDF and helps to discriminate it 
from other surrounding land cover types during the dry season, where MDF and EF are still leafy and 
agricultural fields are bare [32, 37, 39, 41]. During the wet season EF and MDF have higher NDVI 
maximum values than DDF, resulting in a higher PeakValue. The Amplitude was considered equally 
important, which separates agriculture with a very distinct amplitude from DDF, whilst the seasonal 
difference of MDF and EF remains smaller.  
Using the methodology described above, it is possible to delineate DDF on regional and continental 
scales, and our map can be used as a reliable basis for conservation decisions in SE Asia. A recent study 
by Portillo-Quintero and Sánchez-Azofeifa [38] delineated dry forest ecosystems in the Neotropics at 
500 m spatial resolution, also using also multi-temporal information. The advances of continuous 
representation of a specific land cover class within a heterogeneous landscape have been 
demonstrated in many studies [33, 80-84]. Sub-pixel analysis has the ability to identify transitions in 
space and time better and provides a more realistic view of surface reflectance to the prevailing land 
cover than traditional “hard” discrete classes. Discrete classes do not allow an accurate delineation of 
spatially complex areas [84, 86-87].  
The findings in this study also indicate the low performance of existing land cover products delineating 
DDF, and we demonstrate the shortcomings of global products based on coarse resolution data in 
delineating strong seasonal and small-scale vegetation types. Current land cover maps are 
conventionally developed using discrete “hard” per pixel classes or clusters, where a single land cover 
class is represented by a satellite pixel [54-55, 85]. DDF, as a transitional ecosystem, cannot be deduced 
well by per pixel classification algorithms on which these conventional maps are based. Also the 
medium to coarse spatial resolution (300-1,000 m) hampers an accurate delineation.  
Previous studies have demonstrated the inconsistency of these land cover products, when comparing 
dry forest ecosystems [37, 39]. DDF is not represented as a specific land cover class in these products, 
so we had to choose alternative categories representing DDF best, such as “Deciduous broadleaf 
forest” or “Open and closed shrubland” or “woody savanna”. Many comparative studies confirmed the 
low thematic accuracy and spatial overlap among different land cover classifications [88-90]. 
Surprisingly, the attempt of Miles et al. [57] showed the highest divergence in DDF distribution 
compared to our findings. The malfunction stems from defining wrongly the canopy cover threshold 
(>40 %) and the implementation of coarse-scaled WWF-ecoregions [37]. The majority of these global 
products do not integrate seasonality pattern in their classification algorithm. This often leads to 
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misclassification of DDF either as open/agricultural areas in the dry season, or as other forest types 
during the wet season [37, 39]. 
Given the freely available remote sensing data, including MODIS and the reference data retrieved by 
very high resolution Google Earth imagery, as well as free open source software, we have developed a 
cost efficient way to monitor ecosystems influenced by strong seasonal change on different scales. 
This inexpensive method supports remote sensing and conservation communities with limited 
monetary resources. Further, this approach reduces the need for field campaigns, which are time and 
money consuming in areas with access constraints. Our classification method can be easily reproduced 
and transferred to other regions with prevailing heterogeneous and complex land cover. 
 
Implications for Conservation 
Current and future socio-economic trends in continental SE Asia result from population and economic 
growth, which are major drivers of forest destruction and the subsequent loss of suitable habitats for 
different mammalian species [21]. Indeed, this region has one of the highest deforestation rates in the 
tropics, and DDF seem to be especially affected by current deforestation and degradation trends, 
which may result in the total loss of this ecosystem in SE Asia [34, 48, 71]. Activities such as logging, 
settlement, conversion, and mining contribute to the loss and degradation of the remaining DDF 
fragments. In contrast to the dense and closed EF, DDF’s abundant ground biomass during the wet 
season offers suitable habitat and forage conditions for herbivores such as the Asian elephant (Elephas 
maximus), and several wild cattle and ungulate species. These medium to large DDF specialists require 
large forage areas to satisfy their food demand. Higher encounter rates between herbivores and their 
natural predators through the open, less dense structure of DDF foster the abundance of large 
carnivores such as tiger (Panthera tigris), lion (Panthera lion), and dhole (Cuon alpinus) [27, 73]. Gray 
and Phan [27] found that the highest abundance of large mammals is found in mosaic landscapes of 
DDF and MDF entities. DDF provide sufficient resources during the wet season, whereas MDF offer 
shelter and water specifically in the hot and dry season. Hence conservation efforts should target large 
continuous areas of DDF and MDF, as well as  small patches and fragments that maintain connectivity 
within the landscape [72-73]. 
 
Currently, mammals in SE Asia have the highest proportion of endangered species among all taxa in 
the Tropics [48, 74]. The main reason for the decline is the rapid loss of suitable habitats, including 
DDF, due to destruction and degradation, which is crucial for mammals as they are more sensitive than 
other taxa [20]. According to the latest IUCN Red List assessment, more than 35 mammalian species 
are categorized as either Critically Endangered or Endangered in SE Asia, and predictions reveal 
extinction rates between 21-48 % by the end of this century [75-76]. Therefore, precise information 
about the current extent of DDF is crucial for global mammal conservation.  
Our results indicate a lack of conservation priority, particularly in Myanmar, which has large DDF but 
the fewest protected areas. Countries like Myanmar and Cambodia have recently become more 
engaged within the international community, and large portions of the physical environment, as well 
as many social, political, and economic institutions, are experiencing profound and widespread 
changes that will dramatically increase pressure on nature [77]. These countries still hold vast tracts of 
intact forests, but increasing domestic and international demand for valuable timber has already 
resulted in accelerated logging activities, and DDF are strongly affected by these trends [78]. Therefore, 
SE Asian countries really need strong regulations and law enforcement that promote sustainable 
resource use. In addition, illegal poaching and wildlife trafficking needs to be controlled. The 
enforcement and management of conservation areas and strong policies are crucial for successful 
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protection  of the native habitats and biodiversity of SE Asia. It is important to integrate multinational 
and multidisciplinary strategies, where all involved stakeholders must partake.   
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